Low volumetric performance is a common bottleneck of carbon-based electrode materials for practical applications, owing to the low density of porous carbons caused by the intrinsic void space [1]. Specifically, lithium-sulfur (Li-S) batteries as a hot topic of next-generation energy storage devices face the same dilemma that we have to balance their intrinsically electrochemical performance and volumetric performance [2][3][4]. The use of conductive porous carbon materials in the cathode of Li-S batteries, such as mesoporous carbon, carbon nanotube and graphene-derived carbons, can effectively accelerate the reaction kinetics, improve the electrochemical performance of sulfur cathode and promote the practical application of insulting sulfur [3,5]. However, addition of these materials results in massive void space in the electrode, which cannot meet the requirement of compact structure in real applications [6]. Such electrodes usually deliver relatively low volumetric performance even though their gravimetric performance can reach a high value.
Packing sulfur into carbon framework for high volumetric performance lithium-sulfur batteries Chen Zhang 1, 2 and Quan-Hong Yang 1,2,3* Low volumetric performance is a common bottleneck of carbon-based electrode materials for practical applications, owing to the low density of porous carbons caused by the intrinsic void space [1] . Specifically, lithium-sulfur (Li-S) batteries as a hot topic of next-generation energy storage devices face the same dilemma that we have to balance their intrinsically electrochemical performance and volumetric performance [2] [3] [4] . The use of conductive porous carbon materials in the cathode of Li-S batteries, such as mesoporous carbon, carbon nanotube and graphene-derived carbons, can effectively accelerate the reaction kinetics, improve the electrochemical performance of sulfur cathode and promote the practical application of insulting sulfur [3, 5] . However, addition of these materials results in massive void space in the electrode, which cannot meet the requirement of compact structure in real applications [6] . Such electrodes usually deliver relatively low volumetric performance even though their gravimetric performance can reach a high value. The significance of volumetric performance for electrochemical energy storage (EES) devices has been addressed by our group previously, especially for carbon-based electrodes in supercapacitors, Li-S batteries and so on [1] . It is noted that a very effective approach for improving the volumetric performance of carbon-based electrodes and EES devices is densifying the electrode materials. The density change of carbon-based electrode materials thus will alter the microstructure. In Li-S batteries, the cathode consists of porous carbon and sulfur. Generally, the density of porous carbon is in a very low level (0.3-0.6 g cm −3 ) [7, 8] , while the density of bulk sulfur is above 2.0 g cm −3 [9] . Thus, the integration of carbon and sulfur is actually the combination of a low-density component and a high-density one. The precondition is that the density of sulfur is not changeable while the density of porous carbon materials can be tuned by controlling their microstructure, such as the pore volume, surface area, etc. [8, [10] [11] [12] . It is of great interest that a density ceiling of porous carbon materials is of about 2.2 g cm −3 , which is the density of graphite with the most compact structure. Thus, sulfur is always the heavier phase in carbon/sulfur cathode, while carbon is always the lighter one.
Based on the understanding of the role of carbon and sulfur in the hybrid electrode, the remedy for improving the density of carbon/sulfur cathode can be classified into two approaches as shown in Fig. 1 : improving the sulfur fraction and densifying the carbon matrix. Zhang et al. [13] pioneered the research on the volumetric performance of carbon/sulfur cathode. They fabricated a series of carbon nanotube (CNT)/sulfur hybrids with different sulfur contents to tailor the evolution of the density of the hybrids and their corresponding volumetric performance. A high sulfur fraction up to 90 wt.% was realized with a density of 1.98 g cm −3 for the hybrid material, and it shows an ultrahigh volumetric capacity and as well as a high volumetric energy density for the test cell (Fig. 2) . A trick for this study is the carbon matrix they used, which has a unique conductive network and unimpeded space for sulfur impregnating. High sulfur fraction leads to a more insulting property due to the dominating insulting sulfur, and thus, the selection of carbon matrix is of extreme significance to tolerate and accommodate the high fraction of sulfur. The aligned CNT arrays provide enough space for storing a large amount of sulfur and the vertically aligned CNTs construct a spatially conductive network. Sulfur can readily diffuse into the inner space of the CNT arrays in contrast to that most of sulfur will be blocked on the external surface if a microporous carbon is employed. The volumetric capacity for electrode and volumetric energy density for the test cell are both evaluated, pioneering the promising topic for the development of Li-S batteries. This work not just inspires us how to improve the volumetric performance of
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Li-S batteries, and more importantly, it paves the avenue towards the industrial scale production of carbon/sulfur electrode and high performance Li-S batteries [14] [15] [16] [17] [18] [19] . It can also be indicated that a spatial 3D carbon structure is more responsible for a high sulfur loading, and several studies have demonstrated that the 3D structure with high sulfur loading can bring high area capacity as well as potentially high volumetric performance [20] [21] [22] .
To maintain high sulfur fraction and excellent electrochemical performance, the design and fabrication of carbon matrix with suitable structure is still challenging. Otherwise, high sulfur fraction usually leads to inhomo- 
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geneous loading and poor electrical conductivity of the cathode. Being of equal significance, densifying the carbon matrix is another route to improve the volumetric performance of carbon/sulfur electrode. Compared with improving the sulfur fraction in a well-designed carbon matrix, densifying the carbon matrix focuses more on the materials design and texture control. More importantly, the dense structure is favorable for the confinement of sulfur and polysulfides. The main barrier for this approach is how to realize the control of the density of carbon matrix and how to guarantee the effective contact between carbon and sulfur. Our group previously realized the fabrication of highly dense but porous graphene assembly with high volumetric capacitance as electrode for supercapacitors. What drives the densifying of the graphene assembly is the capillary force between the graphene sheets and water during the evaporation of water in the graphene hydrogel [8, 23] .
In this process, the nondestructively drying process simultaneously brings the highly dense carbon and inherited porous structure, which are ideal characterizations for the carbon matrix of cathode materials in Li-S batteries with high volumetric performance. Zhang et al. [24] proposed an effective solution for the fabrication of high density graphene/sulfur cathode. Similar to our previous study, they employed the freeze-drying or evaporation-induced drying to prepare two graphene assemblies with totally different densities and pore structures. To investigate the volumetric performance of the cathode using these two carbon matrixes, sulfur was loaded by a soft approach on graphene sheets and different drying processes were used to tune the microstructure of these hybrids. The compact graphene/sulfur hybrid could better facilitate the interaction between graphene and sulfur, while a more closed pore structure could constrain the sulfur and polysulfide. The dense graphene/sulfur hybrid shows much better cycle and rate performance, as well as a much higher volumetric capacitance, than the loose sample.
Our group also made some advances on the graphene/ sulfur cathode with high volumetric performance [25] . Other than the post-impregnating of sulfur into the graphene hydrogel by Zhang et al. [26] , we realized the pre-impregnating of sulfur and the simultaneous formation of graphene hydrogel by H 2 S inspired by our previous work. Pre-impregnating sulfur in graphene oxide (GO) solution can guarantee the homogeneous contact between the GO sheets and sulfur, which is critical for the corresponding electrochemical performance of the hybrid electrode as shown in Fig. 3a . Two essential processes are responsible for the formation of high-density graphene/ sulfur (HDGS). First, the partial reduction of the GO by H 2 S triggers the spatial assembly of reduced graphene oxide (rGO) due to the amphiphilic nature of the rGO sheets [27] [28] [29] . Second, the evaporation-induced drying process facilitates the driving force for the shrinkage of graphene/ sulfur hydrogel. As a result, a graphene/sulfur hybrid with high density, up to 1.53 g cm −3 and with robust structure (Fig. 3b) , was fabricated. More interestingly, owing to the pre-loaded sulfur on the graphene sheets, the as-prepared sample is characterized by abundant ink bottle-like pores, whose structure is similar to the "Shumai dumplings" with graphene skin and wrapped sulfur stuff and this structure is beneficial for the confinement of sulfur as shown in Fig.  3c . Accordingly, HDGS with unique pore structure delivers much improved cycle performance and rate capability than the low dense structure (LDGS). We also evaluated the volumetric capacity of the high-density graphene/sulfur hybrid in Fig. 3d . Although such a hybrid does not have very high sulfur fraction, it still shows comparative volumetric performance. Further efforts are ongoing to increase the sulfur fraction to a satisfactory level for practical applications. This strategy avoids the insulting problem with high sulfur fraction and the compact structure can further accelerate the electron transfer among the interlinked graphene sheets. Our approach provides an effective solution for the advanced cathode with high volumetric performance in Li-S batteries and more efforts are being made to combine densification of the carbon matrix and increasing sulfur content to obtain a Li-S battery with higher volumetric performance.
The volume expansion of sulfur, which is another crucial issue for Li-S batteries, is in contradiction with the volumetric performance since some void space should be left in carbon for accommodating the volume variation, further decreasing the material density and volumetric performance. On the other hand, less void space/pore volume of carbon material can enhance the confinement of polysulfides during recharging. Therefore, pore structure optimization is required to guarantee the buffering of sulfur as well as enough confinement effect of polysulfides. 3D graphene/sulfur assembly actually provides us a good example, whose pore structure can be well tuned by altering or combining different drying strategies to optimize the pore structure. The "Shumai" structure we mentioned above has some elastic features if the pore structure can be precisely controlled [11] . Further study is ongoing to tailor the evolution of pore structure of 3D graphene/sulfur assembly in the drying process, and to propose an optimized pore structure which leads to suitable density, ion transport channels and void space for accommodating volume change.
In summary, great advances have been achieved recently towards Li-S batteries with superior volumetric performance. But it is still challenging in the near future to develop high volumetric performance carbon/sulfur cathode PERSPECTIVE SCIENCE CHINA Materials with high structural stability, low shuttle effect and low cost. The pace towards the high volumetric performance Li-S batteries must be accelerated to meet the increasing demand, since volumetric performance of EES devices is critical for upgrading the electricity-driven systems. Although it is still in its infancy to investigate volumetric performance for Li-S batteries, several pioneered studies have demonstrated the potential to achieve high volumetric performance by materials design and structure control. High sulfur content and robust carbon matrix are promising remedies for this issue. Meanwhile, we also need to make efforts on designing advanced anode materials, seeking more stable electrolyte and suitable separator. Solid and flexible Li-S batteries are also important directions for their future development. It is hopefully that the integration of materials science, electrochemical process optimization and industrial design will make breakthroughs for high volumetric performance Li-S batteries, further extending to other EES devices. 
